Introduction
The ability of the developing rat to mount the full complement of the hypothalamic stress response has been a focus of intense investigation. During the first two postnatal weeks, the immature rat shows an attenuated hormonal response and altered gene regulation in response to stress as compared with the adult [3, 30, 39, 40, 44] , and the neurohormonal stress response is further modulated by maternal input [33, 38] . Recent data suggest that the developing rat may respond to some stressful stimuli [8, 12, 41, 42, 44] . However, hypothalamic-pituitaryadrenal activation is diminished compared with the adult [39] .
The principal regulator of the neuroendocrine stress response is the neuropeptide corticotropin-releasing hormone (CRH) [17, 37] . CRH is released from terminals of parvocellular neurons residing in the medial paraventricular nucleus (PVN) of the hypothalamus to initiate a cascade of hormonal responses mediating the response to a variety of stressors [31, 36, 44] . Stressful stimuli also result in induction of CRH gene expression in the PVN, resulting in an up-regulation of steady-state CRH mRNA [17, 26] .
Like most transcriptional processes, RNA transcribed from the CRH gene in the cell nucleus consists of unedited heteronuclear RNA (hnRNA). In the nucleus, the hnRNA is rapidly processed by splicing to remove intronic sequences. After further modification and transport to the cytoplasm, the messenger RNA (mRNA) is utilized for protein translation, resulting in synthesis of the CRH prepropeptide [29] . Steady-state levels of mature mRNA provide a measure of available template for translation, but the half-life of CRH mRNA is rather long [21, 22] . Thus, the amount of hnRNA may provide a more direct measure of production of new RNA and of rapid gene activation [19] . Indeed, stress-induced CRH hnRNA has been demonstrated in the mature rat [14, 15, 20] and, quite recently, during development [8] . However, the mechanisms by which stressful challenges, defined as those activating the neuroendocrine stress response, regulate transcription of the CRH gene in the hypothalamus of the immature rat remain unresolved.
A strong candidate for rapid regulation of CRH transcription is phosphorylated cAMP response element (CRE) binding protein (pCREB). The CRH gene promoter contains a CRE that has been shown to be involved in CRH transcriptional regulation [9, 17, 32] . Previous studies from the authors' laboratory, using gel-shift and western blot methods, have shown that acute cold, a powerful stress for the immature rat, increases levels of pCREB and CREB-related DNA binding activity in anterior hypothalamic extracts [11] . However, these hypothalamic extracts included not only the PVN but also additional cell groups, and did not provide the resolution to determine whether CREB phosphorylation was induced by stress in the hypothalamic cell groups that express the CRH gene. Studies of this issue in the mature rat have suggested that total pCREB in the PVN may not increase after stress [5] , or that CRH transcription may coincide with CREB phosphorylation [20] . Therefore, the goals of this study were (1) to determine whether the CRH gene was rapidly activated by stress in parvocellular PVN neurons of the immature rat, (2) to analyze the time course for stress-induced CRH hnRNA expression and (3) to determine whether phosphorylation of CREB in CRH-expressing cell groups preceded (and might thus induce) CRH hnRNA production.
Materials and methods

Animals and experimental design
Immature rats were studied during the developmental period considered stresshyporesponsive. They were evaluated specifically on postnatal days 6 and 9 for the following reasons: (a) induction of CREB phosphorylation in hypothalamus by cold stress has been demonstrated at these ages [11] ; (b) quantitative parameters of CRH mRNA expression have been established at these ages [12, 44] ; (c) the parameters of the coldchallenge paradigm have been standardized for these ages. Rat pups were products of timedpregnant Sprague-Dawley dams (transported at E10-E15), that were maintained in uncrowded, quiet, NIH-approved animal facility on a 12-h light/dark cycle. Delivery was verified at 12-h intervals and the date of birth was considered day 0. All experiments were approved by the University Animal Care Committee.
On the days of the experiments, rats were treated as follows:
Stress-free controls were sacrificed within 45 s of disturbance (for in situ hybridization histochemistry), or deeply anesthetized with a rapid-acting barbiturate (pentobarbital, 100 mg/kg, into the peritoneal cavity [i.p.]) within the same time frame, for immunocytochemistry. The latter group were then perfused. The adult rat brain, a 'control' of the immunocytochemistry, was obtained under the same conditions (rapid anesthesia).
The 2 min stress group animals were carried from the animal facility to the laboratory, and sacrificed or anesthetized at 2 min from their initial disturbance. This group was considered '0 min of cold stress', but was exposed to a 2 min stress of human handling, transportation, novel environment, etc.
Cold stress groups were subjected immediately to a cold challenge modified from a previously described procedure [12, 44] . Briefly, immature rats were placed on ice until they showed little response to tactile stimulus. The cold exposure lasted an average of 6 and 12 min for 6-and 9-day-old rats, respectively, and was followed by warming on a euthermic pad. For CRH hnRNA analysis, rats were sacrificed by decapitation at 0, 15, 30 and 60 min from the onset of the cold challenge. For CRH mRNA expression, rats were sacrificed at 4 h after the termination of cold stress, a time point shown previously to coincide with maximal enhancement of CRH mRNA levels by this stress [12, 44] .
Hormonal measures
Plasma corticosterone levels were determined by radioimmunoassay [12, 13, 44] using a commercially available kit (ICN, Irvine, CA). Corticosterone assay sensitivity was 0.05 μg/ dl, and interassay variability, determined by three dilutions of adult rat plasma, averaged 15%.
In situ hybridization histochemistry (ISH)
For ISH, brains were rapidly removed and frozen in powdered dry ice. Frozen coronal sections (20 μm) were collected on gelatin-coated slides and stored at −80°C. Sections were brought to room temperature, air dried and fixed in fresh 4% buffered paraformaldehyde for 20 min, followed by dehydration and rehydration through graded ethanols [2, 12, 13] . Subsequently, sections were exposed to 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 5 min and dehydrated through ethanols. For CRH mRNA, probe synthesis and ISH were carried out as previously described [12, 13, 44] . For CRH hnRNA, sections were air dried and prehybridized for 1 h at 55°C in a humidity chamber. Prehybridization and hybridization was performed at 55°C in a solution of 50% formamide, 5×SET, 0.2% SDS, 5×Denhardt's, 0.5 mg/ml salmon sperm DNA, 0.25 mg/ml yeast tRNA, 100 mM DTT, 10% Dextran sulfate. Following prehybridization, sections were hybridized overnight with 1 × 10 6 cpm of 35 S labeled ribonucleotide probe at 55°C. Posthybridization, sections were washed in 2×SSC for 5 min at room temperature, and were RNase-digested (200 μg/ml RNase A) for 30 min at 37°C. Sections were washed successively (at 55°C) in 2×SSC (1×SSC denotes 0.15 M NaCl, 15 mM trisodium citrate buffer, pH 7.0) and 1×SSC for 5 min, 0.25×SSC for 30 min, and in 0.1× and 0.03×SSC for 1 h each. Sections were dehydrated through ethanols containing 0.3 M ammonium acetate followed by 100% ethanol, then apposed to film (Hyperfilm B-Max, Amersham, IL) for 3 weeks.
Synthesis and labeling of CRH hnRNA probes
A plasmid containing a 530 base pair fragment of the CRH intron was kindly provided by Drs. S.J. Watson and S. Rivest [14, 28] . Radioactive antisense cRNA was synthesized by incubating T7 RNA polymerase (30U, Promega, Madison, WI) with 1 μg plasmid linearized with Hind III in 2.5 mM ATP/GTP/UTP, 6 mM [α- 35 S]-CTP, 10 mM DTT, 40 mM Tris-HCl (pH 7.5), 6 mM MgCl 2 , 2 mM spermidine, 10 mM NaCl and 40 U RNase inhibitor (RNasin, Promega). After 2 h at 37°C, 3 U of RNase-free DNase (RQ1-DNase, Promega) was added for 15 min at 37°C. The probe was subjected to mild alkaline hydrolysis and purified by column chromatography. The specific activity of each probe was 1-3×10 6 cpm/ μg.
Acquisition and quantitative analysis of ISH signal
Semiquantitative analyses were performed following in situ hybridization. Digitized images of each brain auto-radiogram was acquired using a StudioStar scanner (resolution 1200×1200 dots per inch) and analyzed using the ImageTool software program (University of Texas Health Science Center, version 1.25). For each group a minimum of ten sections from three to four brains were analyzed. Densities were calibrated using C-14 standards [12, 13] after correcting for background by subtracting the density of the corpus callosum (white matter background value) from the density of the PVN. The significance of observed quantitative differences among different groups were evaluated using ANOVA or Student's t-test as appropriate.
Immunocytochemistry for detection of pCREB
Perfused brains (4% paraformaldehyde in 0.1 M phosphate buffer [PB], pH 7.4) were dissected from the skull, postfixed for 4 h and cryoprotected with 15%, followed by 25% sucrose. Brains were blocked in the coronal plane and cryostat-sectioned at 20 μm. For the hypothalamic region, 1-in-4 sections were stained with cresyl violet. This series was used to ascertain the neuroanatomic boundaries of the various PVN sub-nuclei [7, 12, 20, 35, 36] , as well as optimal between-group matching of adjacent sections that were subjected to immunocytochemistry.
For pCREB immunocytochemistry, free-floating sections were collected into tissue-culture wells in 0.1 M PB and subjected to standard avidin-biotin complex (ABC) methods [7, 43] . Briefly, after several washes with 0.01 M PB-saline (PBS) containing 0.3% Triton X-100 (pH 7.4, PBS-T), sections were treated for 30 min in 0.3% H 2 O 2 in PBS, followed by blockade of non-specific sites with 2% normal goat serum in PBS for 30 min. After a 10min rinse in PBS, sections were incubated for 48 h at 4°C with rabbit polyclonal IgG directed against phosphorylated CREB (Upstate Biotechnology, Lake Placid, NY) diluted with PBS containing 1% bovine serum albumin and 2% normal goat serum to a concentration of 1:4000. This antiserum is generated against an epitope consisting of the phosphopeptide (including Ser 133 ) portion of pCREB, and does not recognize nonphosphorylated CREB. After three washes in PBS-T, 5 min each, sections were incubated in biotinylated goat-anti-rabbit IgG (1:200, Vector) in PBS for 1 h at room temperature. After washing in PBS-T (3×5 min), sections were incubated in avidin-biotin-peroxidase complex solution (ABC, 1:100, Vector) for 2 h at room temperature. Sections were then rinsed again in PBS-T (3×5 min). The reaction product was visualized by incubating sections for 8-10 min in 0.04% 3,3′-diaminobenzidine (DAB) containing 0.01% H 2 O 2 , followed by counterstaining with 0.5% methyl-green to visualize the nuclei.
Double-labeling CRH/pCREB immunocytochemistry
Free-floating sections were processed for concurrent immunolabeling of CRH and pCREB, using a modification of the dual-chromogen procedure [23] . Briefly, sections were first incubated for 36-48 h at 4°C with rabbit anti-CRH antiserum (1:40 000, a gift from Dr. W.W. Vale) as described previously [43] , yielding a diffuse brown DAB reaction product. Subsequently, sections were rinsed with PBS-T, preincubated in 5% normal goat serum for 30 min, then incubated in pCREB antiserum as described above. After these incubations, sections were rinsed in PBS-T for 15 min, and transferred to 0.01 M PB (pH 6.6) for 30-45 min with several changes. Sections were then incubated for 10 min in the same buffer containing 0.025% sodium nitroprusside and 0.01-0.02% benzidine dihydrochloride (BDHC).
Finally, the granular black-blue deposits were visualized by immersing the sections for 3-5 min in fresh incubation solution containing 0.003% H 2 O 2 , and the reaction stopped by rinsing in 0.01 M PB containing 0.3% Triton X-100 (pH 6.6).
The CRH antiserum, directed against the C-terminus, does not cross-react with other neuropeptides such as somatostatin, NPY, endorphin, enkephalin, VIP or vasopressin [37] . In this study, the specificity of the primary antiserum was also tested by substituting normal rabbit IgG for the primary antiserum and by pre-adsorbing the antiserum overnight with purified CRH peptide (0.4 mM). No specific signal was found after either procedure [4, 7, 43] . The specificity of the pCREB immunostaining was addressed by eliminating the primary antiserum during the first incubation, and by using stress-free adult tissue where pCREB levels are low [4] .
Quantitative analysis of pCREB-expressing neurons in PVN
Matching coronal 1-in-4 sections of PVN were examined without knowledge of treatment. The areas analyzed included the anterior parvocellular (ap), medial parvocellular (mp) and posterior magnocellular (pm) sub-nuclei, identified based on cytoarchitectonic relationships, using the 1-in-4, cresyl violet-stained sections [34, 35] . The relative density of pCREBexpressing neurons was assessed with a square lattice system [6] over the entire area examined, using light microscopy at 400× magnification.
This system utilizes a grid reticule; 7×10 squares (43 750 μm 2 ) were counted, and the cell density was calculated (see below). pCREB-expressing neurons were included in the count only when more than half of the cell nucleus was labeled (see Fig. 5E and F), and abundance (neuronal density) was expressed as the number of labeled neurons in a 5 ×10 4 μm 2 real area. Because of the size of the PVN in the immature rat (~600 μm), four or five sections were counted per each subnucleus per rat. A similar analysis was conducted for neurons that co-express CRH and pCREB. The denominator in this case was CRH-immunoreactive cells located within the mp sub-nucleus. Student's t-test was used to assess the differences between the 2-min stress group and matched sections from stress-free controls, with a minimum accepted level of significance of 0.05 (P<0.05).
Results
Stress hormone levels are elevated by acute cold challenge in the immature rat
Cold challenge increased plasma corticosterone levels in both groups of immature rats (aged 6 and 9 days; Fig. 1 ). Peak plasma corticosterone was detected 60 min following the onset of stress, and levels remained significantly elevated for up to 4 h following the cold challenge.
Transcription of the CRH gene, measured by CRH hnRNA expression, is induced by cold stress in the PVN of the immature rat
The hormonal stress responses (see above) were accompanied by activation of the CRH gene: in situ hybridization performed to detect CRH hnRNA demonstrated little signal above background in the PVN of stress-free immature rats ( Fig. 2 left panels) . Acute cold challenge induced CRH hnRNA expression within 15 min at both ages studied. Overall levels of unedited mRNA (hnRNA) were low, and better visualized and quantified after transformation to false-color scales (Fig. 2) . As shown in the figure, hybridization signal over the PVN was maximal at the 15 min time-point, and persisted at the 30 min time-point. By 60 min from onset of the cold challenge, the CRH hnRNA signal was attenuated and not significantly different from baseline (see below).
Semi-quantitative analysis of cold-induced CRH hnRNA expression in the PVN is shown in Fig. 3 . In both 6-and 9-day-old animals, low baseline levels of CRH transcription were noted (0.0174±0.002 and 0.0170±0.002 μCi/g, respectively). Peak CRH hnRNA were achieved at 15 min (0.039±0.0032 and 0.0475±0.0049 μCi/g, respectively) with a gradual reduction thereafter. However, the magnitude of induced transcription at 15 min tended to be greater in the 9-day than in the 6-day-old rat (279 vs. 226 percent of stress-free controls, respectively). One-way ANOVA revealed a significant effect of treatment (F=8.53, P<0.0001), and post-hoc Bonferroni tests suggested that the 60-min time-point values did not differ from the stress-free values for either group. Two-way ANOVA demonstrated a strong effect of treatment (F=9.98, P< 0.0001), and a trend towards an effect of age (F=2.81, P=0.096), that did not reach statistical significance.
CRH hnRNA in the PVN is rapidly upregulated also by minimal (handling) stress
Careful analysis of CRH hnRNA induction in the PVN demonstrated rapid gene activation prior to the onset of the cold-stress paradigm (within 2 min of removing the animals from the home cage, Fig. 4 ). CRH hnRNA levels of these animals were significantly higher than those in stress-free controls (211% of stress-free animals; P<0.05). Thus, whereas a strong challenge such as cold led to a robust and sustained activation of the CRH gene, even the minor perturbation associated with removing the animal to the laboratory sufficed to initiate CRH hnRNA transcription.
CREB phosphorylation is rapidly enhanced by mild (handling) stress in the medial parvocellular PVN of the immature rat
Because pCREB has been implicated in control of CRH gene transcription [9, 16, 32] and CRE-DNA binding activity and pCREB have been shown to be enhanced with stress in whole anterior hypothalamus of the immature rat [11] , the presence and potential enhancement of pCREB immunoreactivity in parvocellular neurons of the PVN were determined. To consider the possibility that phosphorylated CREB may be involved in the activation of the CRH gene promoter, very early time-points after stress-onset were specifically investigated. Thus, pCREB was evaluated in PVN of 'stress-free' rats (deeply anesthetized within 45 s of entry to the animal facility), compared with animals transported to the laboratory, and thus subjected to handling stress (2 min from entry to the animal facility). In addition, medial parvocellular neurons, expressing CRH were distinguished from other, potentially non-stress-responsive PVN neurons. Considering the limitations of quantitative analysis of immunocytochemistry, the intensity or optical density of immunoreactivity signal was not evaluated, and only the number of cells expressing pCREB in sections run together in the immunocytochemistry procedure was evaluated (see Methods for criteria), in carefully matched sections from control and stressed animals. Fig. 5 demonstrates the distribution of pCREB immunoreactive neurons at two coronal levels of the immature rat PVN. In general, pCREB expression was more abundant than in the adult (Fig. 6D) [20] , and more prevalent in PVN compared with surrounding nuclei (Fig.  5A-D) . Comparing the stress-free to the 2-min, handling stress group, the number of pCREB immunoreactive cells did not differ in the anterior parvocellular or the posterior magnocellular cell groups (Table 1) . However, a significant increase in the number of pCREB immunoreactive neurons in the medial parvocellular PVN of stressed animals was observed, compared with stress-free controls (Table 1, Fig. 5 ). These data suggest that CREB phosphorylation was upregulated specifically in stress-responsive neurons.
To evaluate whether the handling stress-induced increased phosphorylation of CREB was associated with CRH-expressing neurons, double-labeling immunocytochemistry was utilized. Within the medial parvocellular PVN, pCREB was frequently co-expressed with CRH ( Fig. 6A and B) . Comparing the stress-free and 2-min stress groups, a significantly higher number of CRH-pCREB double-labeled neurons was found in the medial parvocellular PVN of the mildly stressed animals (45.5±3.2 vs. 37.8±2.8, P=0.0024). In contrast to the PVN of the stress-free immature rat, no CRH-pCREB co-expressing neurons were observed in the medial parvocellular PVN of the stress-free adult (Fig. 6D ). In addition, phosphorylation of CREB was rarely evident in cortical CRH-expressing neurons (Fig. 6C) . Thus, rapid CREB phosphorylation in CRH-expressing medial parvocellular neurons of the immature rat was spatially and temporally specific.
Transcription of the CRH gene leads to significant increase of steady state CRH mRNA levels in the 9-day-old, but not 6-day-old immature rat
While CRH hnRNA production was observed in both groups of immature rats following cold exposure, analysis of CRH mRNA levels in the parvocellular PVN suggested that the magnitude of CRH mRNA production differed in these groups. Fig. 7 demonstrates a robust, 50% increase in steady-state CRH mRNA hybridization signal over the PVN of stressed 9day-old rats compared with controls, whereas virtually no change of CRH mRNA stores were detected over PVN of 6-day-old stressed pups (P=0.69).
Discussion
The major findings of the current studies are: (1) The CRH gene is strongly activated after cold exposure, a physiological stress in the immature (6-or 9-day-old) rat, and this activation is associated with a significant hormonal response. (2) Even the minimal challenge of human handling and a novel environment results in significant CRH hnRNA induction and CREB phosphorylation, specifically in the medial parvocellular cell groups of the PVN. These results demonstrate that transcription of the CRH gene is induced by mild as well as more rigorous challenges during the first two postnatal weeks, and may be regulated by CREB phosphorylation.
This study demonstrates hormonal and molecular neuroendocrine responses to a strong physiological challenge (cold) in the developing rat. These responses occurred in animals that were maintained in home cages with their mothers until their rapid removal to the laboratory for cold exposure. This finding is remarkable, given that it has generally been accepted that the stress response during the first two postnatal weeks (the stresshyporesponsive period) is characterized by attenuated hormonal secretion and molecular regulation, and that these parameters are augmented by prolonged maternal deprivation [24, 33, 38] .
The findings shown here are in accordance with a recent study [8] comparing CRH gene expression in maternally deprived and naive animals after saline administration. Similar to the results of the current study, these authors noted augmented CRH transcription in nondeprived rats. Indeed, the levels of CRH hnRNA were higher in that group, compared with maternally deprived cohorts. The data presented here are also in agreement with previous data from the authors' and other laboratories, showing that the hyporesponsiveness of immature rat is selective rather than absolute [41, 42, 44] . Thus, exposure to a strong stimulus, such as cold, resulted in robust increase of plasma ACTH and corticosterone throughout the first two postnatal weeks ( Fig. 1 [3] ), and this hormonal response required CRH release, since it was abolished by both antisera [44] and receptor antagonist [3] of CRH.
The current study also highlights that CRH transcription in the immature rat may be induced by relatively mild challenges -namely, removing a rat pup from its cage to the laboratory. Dent et al. [8] reached a similar conclusion when discussing saline injection to their animals. It may be noted that mere transport of a rat to the laboratory, while involving human handling and a novel environment, is a painless and presumably even less stressful procedure than saline injection. Still, it led to activation of CRH transcription. Whether this procedure would also induce corticosterone secretion is not clear: Dent et al. [8] suggested that saline injection did not elevate plasma corticosterone in their experiments. In the experiments described here, animals were sacrificed within 2 min, a time-frame which may not be sufficient to fully activate adrenal steroid release. It should be noted, however, that the authors have previously demonstrated a significant elevation of plasma corticosterone in 10-day-old laboratory controls, i.e. rats left in the laboratory for 30-60 min, compared with stress-free controls, i.e. rats sacrificed in the animal facility within 45 s of their initial disturbance (2.19±0.56 vs. 0.70±0.08 μg/dl, P=0.01) [13] .
The current study provides direct evidence for activation of the CRH gene by mild (handling) and more severe (cold) stress in the 6-and 9-day-old rat. Because expression of CRH hnRNA in stress-free controls was minimal, determination of CRH hnRNA proved a sensitive instrument for detecting induction of CRH gene expression. In addition, the rapid kinetics of CRH hnRNA expression provided a direct and thus more specific means for assessing the effects of stress on this gene.
It should be noted that while CRH gene expression, measured by hnRNA, was provoked by stressful challenges in both the 9-and 6-day-old rat, earlier work [44] , as well as the data presented here, demonstrated increased steady state stores of CRH mRNA only in the older age group examined (9 days old). If transcription of the CRH gene is induced by stress both on postnatal days 6 and 9, then why were increased mRNA stores evident only on day 9? The profile of CRH hnRNA expression was similar for rats at 6 and 9 days of age ( Figs. 2  and 3 ). In addition, the kinetics of induction of CRH hnRNA expression were comparable to those previously described in adult rats [15, 19, 20, 27] . It is difficult to compare the magnitude of stress-induced CRH hnRNA increase between developing and adult rats because the stress-paradigms employed are age-specific. For example, acute cold stress is an effective stressor in the young rat but not in the adult [10] . Comparing PVN CRH hnRNA induction by stress as a percentage of the control, a ~300% increase at 15 min following stress was found in the present study and by Dent et al. [8] during the first 2 weeks of life, while an approximate 400% increase at 5 min following either stress [20] was described in adult rat. This indicates that the magnitude of CRH hnRNA induction by stress is comparable between the immature and adult PVN.
However, the correlation between the magnitude or kinetics of CRH hnRNA induction and enhancement of steady-state CRH mRNA levels has proven complex: previous time-course studies of CRH mRNA responses in 6-and 9-day-old rats demonstrated maximal CRH mRNA changes at 4 h [12, 44] . In contrast, Dent et al. [8] reported enhanced CRH mRNA levels starting at 15 min after stress, in 6-and 12-day-old rats. The reason for the discrepancy is not clear, but may involve different challenges (saline vs. cold) or different CRH mRNA detection probes: our studies utilized deoxyoligonucleotide probes (60 mer) recognizing solely the regions coding for the 20 C-terminus amino acids of the CRH peptide.
It should be noted that similar discrepancies among groups and paradigms has been described in adult studies: Whereas Kovacs and Sawchenko found a marked induction of CRH hnRNA after ether stress [19] , they failed to demonstrate any increase in CRH mRNA levels. In contrast, enhancement of both heteronuclear and messenger RNAs for CRH has been shown after restraint stresses [10, 27] . Again, subtle differences in stress paradigms, in CRH hnRNA kinetics or in mRNA stability may account for these discrepancies. Among these, differential effects of age and stress on processing of RNA species provide an attractive mechanism: Age related changes in the rate of mRNA degradation have been noted [18] . This may occur due to differential use of the multiple stop codons in the CRH gene, or different lengths of the poly A+ tail [1, 25] .
In the present study, increased CRH hnRNA levels were evident already by 2 min from disturbance of rat pups, and levels of this transcript peaked at 15 min. While Dent et al., did not study any earlier time-points, their data indicate a decline in CRH hnRNA signal subsequent to 15 min, as found here. While no formal time course of pCREB expression was performed (and quantitative analysis of immunocytochemistry is undertaken with caution), increased numbers of pCREB immunoreactive cells confined to parvocellular PVN, and predominantly to CRH-expressing neurons, were clearly evident by 2 min from stress onset. This is consistent with phosphorylation of CREB prior to induction of transcription of the CRH gene, and supports the notion that CREB phosphorylation may be part of the mechanism of activation of the CRH gene promoter which contains a CRE.
It may be noted that many more pCREB immunoreactive neurons were apparent in the immature rat material (Fig. 5 ) compared with adult PVN (Fig. 6D ). This is not surprising, based on established and emerging evidence for the roles of CREB in neuronal growth and differentiation [4] .
In summary, this study demonstrates that hypothalamic CRH gene expression is rapidly activated by mild disturbance of the environment as well as cold stress during the first 2 weeks of life. The time-course of CRH hnRNA expression and of pCREB phosphorylation in specific, CRH expressing neurons of the parvocellular PVN suggest that pCREB may be involved in stress-induced transcription initiation at the CRH gene promoter of the immature rat. Overall, these findings demonstrate the integrity of the neuroendocrine stress responseincluding CRH gene activation -to environmental challenges during the first two postnatal weeks in the rat. Hormonal response to cold stress in 6-and 9-day-old rats. Immature rats were sacrificed at indicated time-points after the onset of cold stress. Plasma was analyzed for corticosterone levels using radioimmunoassay. Cold-stress resulted in an increase in plasma corticosterone levels in both 6-and 9-day-old rats. Asterisk indicates a significant difference from stressfree controls (P<0.05). CRH hnRNA in the PVN of 6-and 9-day-old rats following cold-stress. Computergenerated enhanced color-coded quantitative images of in situ hybridization signal of CRH hnRNA in the PVN of representative 6-(top) and 9-day (bottom)-old rats. Rats were sacrificed within 30 s of disturbance (stress-free controls; left panels), or at 15, 30 or 60 min following the onset of cold stress. For both 6-and 9-day-old rats, CRH hnRNA signal in the PVN was barely detectable under stress-free conditions, increased substantially with the onset of stress, peaked at 15 min and was still detected (although at reduced levels) 30 and 60 min following stress. Abundance of CRH hnRNA in the PVN following cold stress. Densitometric analysis was performed on autoradiograms following in situ hybridization for CRH hnRNA in the PVN. Values are expressed as the means±S.E.M. of at least ten values from at least three brains per time-point. At both 6 (A) and 9 days (B) of age, there was greater than a two-fold increase in CRH hnRNA at 15 min after stress onset, and levels decreased at the 30 min time-point. One way ANOVA revealed a significant effect of treatment (F=8.53, P<0.0001). Post-hoc Bonferroni tests suggested that the 60 min time point values did not differ from the stress-free values for either group, although student's t-test indicated significant (*) elevation in the 9-day-old group. Two way ANOVA demonstrated a strong effect of treatment (F=9.98, P<0.0001), and a trend towards an effect of age (F=2.81, P=0.096) that did not reach statistical significance. CRH hnRNA is rapidly induced by minimal stress. Nine-day-old rats were sacrificed within 2 min following the initial disturbance of their home cage, namely, after exposure only to human handling-stress. Color-coded quantitative images following in situ hybridization for detection of CRH hnRNA show increased signal over the PVN in animals briefly exposed to human handling and novel environment (B) compared with the stress-free controls (A). Densitometric analysis revealed a significant difference between these groups (P<0.05, C).
Fig. 5.
Comparison of immunoreactive labeling for pCREB in coronal sections of the hypothalamic paraventricular nucleus (PVN) from stress-free rats (A, C, E) and those subjected to a 2-min modest stress (B, D, F). Panels A, B show pCREB-immunoreactive neurons in the anterior parvocellular (ap) sub-nucleus of PVN. No significant change was observed in the 2-min stress group compared with stress-free controls. C, D show pCREB-immunoreactive neurons in the medial parvocellular (mp) and posterior magnocellular (pm) sub-nuclei of PVN. Numbers of pCREB-immunoreactive neurons in the mp are increased in section from the stressed group. Panels E, F consist of high magnification of pCREB-labeled cell-nuclei from the mp region of PVN, counterstained with methyl-green. Arrows point to pCREBimmunoreactive neurons with fully labeled cell-nuclei that were counted in the quantitative analysis. Arrowheads indicate partially labeled nuclei that were not counted. III denotes the third ventricle. Scale bars=120 μm in A-D; 20 μm in E, F. Relative abundance of CRH mRNA in the PVN of 6-and 9-day-old rats under stress-free control conditions and following cold exposure. Values of CRH mRNA levels were obtained from animals sacrificed 4 h after cold exposure (found previously to be optimal for maximal stress-induced CRH expression [12, 44] ) and are expressed as the mean±S.E.M. of at least five values per group. No significant difference was observed between controls and coldstressed rats at 6 days of age. However, a significant increase in CRH mRNA (P<0.0005) was observed in 9-day-old rats subjected to cold, compared to age-matched controls.
